are essential for the normal function of the mammalian central nervous system. Inactivation of ATP7A or ATP7B causes the severe neurological disorders, Menkes disease and Wilson disease, respectively. In both diseases, Cu imbalance is associated with abnormal levels of the catecholamine-type neurotransmitters dopamine and norepinephrine. Dopamine is converted to norepinephrine by dopamine-␤-hydroxylase (DBH), which acquires its essential Cu cofactor from ATP7A. However, the role of ATP7B in catecholamine homeostasis is unclear. Here, using immunostaining of mouse brain sections and cultured cells, we show that DBH-containing neurons express both ATP7A and ATP7B. The two transporters are located in distinct cellular compartments and oppositely regulate the export of soluble DBH from cultured neuronal cells under resting conditions. Down-regulation of ATP7A, overexpression of ATP7B, and pharmacological Cu depletion increased DBH retention in cells. In contrast, ATP7B inactivation elevated extracellular DBH. Proteolytic processing and the specific activity of exported DBH were not affected by changes in ATP7B levels. These results establish distinct regulatory roles for ATP7A and ATP7B in neuronal cells and explain, in part, the lack of functional compensation between these two transporters in human disorders of Cu imbalance. 2 The abbreviations used are: DA,
Copper (Cu) homeostasis is essential for the normal development and function of the mammalian brain (1) (2) (3) (4) (5) (6) (7) (8) . Either Cu deficiency or excess is highly detrimental. Two ATPdriven Cu transporters, ATP7A and ATP7B, play essential roles in balancing Cu levels in the brain. Inactivating mutations in either ATP7A or ATP7B are associated with severe neurologic disorders (Menkes disease and Wilson disease, respectively). In Menkes disease, one of the major biochemical hallmarks is an increased ratio of dopamine (DA) 2 to norepinephrine (NE), which is used as an early diagnostic marker of this disorder (9 -12) . In Wilson disease, catecholamine metabolism is also altered, as evidenced by a diminished secretion of DA and NE as well as an abnormal functioning of the dopaminergic system (13) . Wilson disease patients present with parkinsonism, psychotic episodes, and schizophrenia, in addition to a spectrum of neurologic abnormalities. These clinical observations and similar findings in animal models of the Cu-related disorders suggest that both ATP7A and ATP7B contribute to catecholamine metabolism in the brain. However, our knowledge about specific roles of these transporters is very limited.
Dopamine-␤-hydroxylase (DBH) is an important molecular link between the catecholamine metabolism and neuronal Cu homeostasis. This essential enzyme converts DA to NE in a reaction that requires a bound Cu cofactor (14, 15) . DBH obtains Cu within the lumen of the secretory pathway during its biosynthetic maturation. Current evidence suggests that ATP7A, which transfers Cu from the cytosol into the lumen of the trans-Golgi network (TGN), is a likely supplier of Cu for DBH (16) . Patients with Menkes disease and animals with inactive ATP7A have lower DBH activity, as indicated by an increased DA/NE ratio (9 -12) . The adrenal gland (another site with high DBH levels) expresses only ATP7A (17, 18) ; therefore, ATP7A is sufficient for DBH activation, at least in the adrenal tissue. In the brain, both ATP7A and ATP7B are present; however, the role of ATP7B, which is highly homologous to ATP7A, remains unclear. We hypothesized that ATP7B may affect DBH activity indirectly by altering Cu levels in the cytosol or regulating the cellular behavior of DBH. By testing this hypothesis, we discovered a previously unanticipated role for both of the Cu transporters in the regulation of DBH export from neuronal cells. This work was supported by National Institute of Health Grant 2R01GM101502 (to S. L.). The authors declare that they have no conflicts of interest with the contents of this article. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. 1 To whom correspondence should be addressed. Tel.: 410-614-4661; E-mail:
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DBH exists in three forms, which have different fates within the secretory pathway ( Fig. 1 ). Membrane-bound DBH is targeted to secretory granules. In granules, it converts DA to NE, which is released from cells in response to neuronal activation. Soluble DBH is generated from the membrane-bound DBH through proteolysis, which occurs in the early compartments of the secretory pathway, most likely in the TGN (19, 20) . Soluble DBH has two destinations. It is sorted similarly to the membrane-bound DBH into secretory granules and then secreted from cells along with NE in response to neuronal activation (regulated secretion). In addition, soluble DBH is sulfated (21) and then exported from cells under resting conditions (export/constitutive secretion). The fraction of soluble DBH directed for constitutive secretion is relatively minor (7-12% of a newly synthesized DBH (21) , with very little known about this process. Available data suggest that the constitutive secretion maintains stable levels of DBH in the cerebrospinal fluid, as these levels are independent of neuronal activity (22) . We found that the constitutive secretion of DBH requires Cu and is tightly and oppositely regulated by ATP7A and ATP7B. This unexpected finding brought to light a new functional link between Cu homeostasis and catecholamine balance; thus the results of this study have implication for several neuropsychiatric disorders, in which Cu levels in noradrenergic neurons are altered.
Results

Cu is selectively enriched in mouse locus coeruleus
To better understand the role of copper transporters in regulating DBH, we first characterized the Cu status of the locus coeruleus (LC), the major hub of DBH expressing neurons in the central nervous system ( Fig. 2a ). Previously, the importance of Cu homeostasis in the LC was suggested by its high Cu content in humans (23, 24) . To determine whether high Cu in the LC is common for different species, we quantitatively imaged Cu in coronal sections of adult mouse brain using X-ray fluorescence microscopy (Fig. 2) . The LC was identified by high DBH expression ( Fig. 2b ). Throughout the entire coronal section, Cu levels were fairly uniform (Fig. 2c ). The notable exceptions were ventricles, where Cu enters the brain (25) , and the LC: both regions had much higher Cu levels compared with the rest of the parenchyma (Fig. 2d ). In ventricles, several metals were elevated including copper, potassium, and zinc. In the LC, only Cu was elevated ( Fig. 2c ). To account for possible variations in the sections' thickness, we normalized the Cu levels to zinc and found that Cu levels in the LC were three times higher than in the pons (1.01 Ϯ 0.08 versus 0.33 Ϯ 0.01 mM) ( Fig. 2 , e and f). This significant enrichment of Cu in the LC across species pointed to the importance of Cu homeostasis in LC physiology.
Noradrenergic neurons express ATP7A and ATP7B in distinct intracellular locations
To determine whether ATP7A regulates Cu homeostasis in the LC alone or together with ATP7B, we immunostained mouse brain sections with anti-ATP7A or anti-ATP7B antibodies ( Fig. 3 ). Co-staining with DBH, used as an LC marker, demonstrated that ATP7A was present in mouse LC and was more abundant in this region compared with the surrounding tissue ( Fig. 3a ). Immunostaining of ATP7B also showed expression and similar enrichment of ATP7B in the LC (Fig. 3b ). The specificity of ATP7B staining was confirmed by the absence of a signal in the LC of the ATP7B Ϫ/Ϫ brain (Fig. 3c ). The specificity of ATP7A antibody was verified by the presence in the Western blotting of the band with the expected mass in cells expressing ATP7A and the absence of this band in HepG2 cells (which do not express ATP7A). Within the LC, ATP7A and ATP7B were present in the same neurons, but their intracellular localization was very different. ATP7B was vesicular and distributed throughout the cytosol, whereas ATP7A was perinuclear and clustered at the side of the nucleus (Fig. 3d ). There was little, if any, overlap between the ATP7A and ATP7B patterns. Thus, both of the Cu transporters contribute to Cu homeostasis in the LC neurons and appear to function in distinct intracellular compartments.
Validating SH-SY5Y cells as a model to study Cu homeostasis and DBH function
Mouse LC is tiny (ϳ0.03 mm 3 ) and difficult to study biochemically. Consequently, to characterize the role of Cu homeostasis in DBH regulation, we initially used SH-SY5Y cells. These cells express adrenergic markers and can be differentiated to have a neuron-like morphology (26) . ATP7A and Figure 1 . Cartoon illustrating the intracellular distribution of ATP7A, ATP7B, and DBH. ATP7A is located in the TGN and transports copper (green balls) into the lumen of this compartment. ATP7B is in vesicles where it sequesters Cu from the cytosol and regulates the amount of cytosolic Cu available to ATP7A. DBH receives its Cu cofactor as it matures within the secretory pathway (most likely from ATP7A). The fraction of DBH is then proteolytically processed. Soluble DBH is sorted to two main destinations. Some soluble DBH and a noncleaved membrane-bound DBH are sorted to secretory granules. In secretory granules, DBH converts DA into NE, which is secreted together with the soluble DBH into the extracellular space in response to extracellular stimuli (regulated secretion). Another fraction of soluble DBH is modified within the secretory pathway and sorted to vesicles, which undergo constitutive trafficking to the plasma membrane. The vesicles fuse with the membrane and export active soluble DBH in the absence of neuronal stimulation (constitutive export).
ATP7A and ATP7B oppositely regulate export of neuronal DBH
ATP7B were both expressed in either nondifferentiated or differentiated SH-SY5Y cells ( Fig. 4a ) in agreement with a previous report (27) . Similar to the LC, in SH-SY5Y cells ATP7A had a predominantly asymmetric perinuclear pattern ( Fig. 4c ). Costaining with TGN46 (a marker of the trans-Golgi network) demonstrated that ATP7A was targeted primarily to the TGN. A small fraction of ATP7A was detected in vesicles ( Fig. 4c ). The ATP7B pattern was mostly vesicular, and the overlap with TGN46 was minor ( Fig. 4d ). Similar to the LC neurons, there was little overlap between ATP7A and ATP7B in vesicles ( Fig.  4e ). To test whether the co-expression of ATP7A and ATP7B would be observed in other DBH-containing neurons, we examined primary cortical neurons. In these cells, ATP7A and ATP7B were both expressed; ATP7A was found clustered at the axonal side of the nuclei, whereas ATP7B was present in vesicles distributed around the nucleus and in the cytosol (Fig. 4f ).
Differentiated SH-SY5Y cells have high levels of DBH and produce both the soluble (smaller) DBH and the membrane-bound (larger) DBH ( Fig. 4a ). Typically, two bands (membranebound and soluble) are detected on Western blots; occasionally, the lower band appears as a doublet (Fig. 4b ).
SH-SY5Y cells export soluble DBH under basal (resting) conditions ( Fig. 4b, upper panel) . The nonsaturable time-dependent increase in the amount of extracellular DBH (Fig. 4b ) indicates that the export of soluble DBH significantly exceeded the re-uptake. To measure DBH activity, we analyzed the hydroxylation of the DBH substrate tyramine in the presence and absence of a specific DBH inhibitor, nepicastat. Over 75% of the tyramine hydroxylation was because of DBH activity ( Fig. 4b , lower left). The activity of DBH in the extracellular medium increased with time and positively correlated with the amount of DBH protein (Fig. 4b, lower right) . Thus, similar to LC neurons, SH-SY5Y cells express and secrete active DBH and have relevant Cu transporters to regulate Cu homeostasis. These characteristics make SH-SY5Y cells a useful model for studying the role of Cu in DBH regulation. . c, XFM images for metals. The map of phosphate, which has stable levels in cells, is used as a control. The enrichment of Cu in the LC region is evident from the lighter color. Other metals (potassium (K), phosphorus (P), and zinc (Zn)) were not elevated in the LC and are shown to illustrate the specificity of Cu enrichment. d, consecutive brain sections were used to verify that high Cu levels occur in the LC; one section was imaged using XFM and the adjacent section was immunostained for DBH. Left, XFM image shows high Cu fluorescence (indicated by a light color) in ventricles and in the LC. Right, immunostaining of DBH confirms high Cu in the LC. e, left, a schematic illustrating the areas (in turquoise) that were used for comparison of Cu levels: LC (circled) and the region outside of LC (the pons). Right, Cu/Zn ratio in the LC and pons regions (1.01 Ϯ 0.08 and 0.33 Ϯ 0.01, respectively; n ϭ 3; p ϭ 0.001).
Down-regulation of ATP7A or ATP7B has opposite effects on DBH export from SH-SY5Y cells
DBH has a complex intracellular behavior, which includes proteolytic processing, sorting within the secretory pathway, and export. To determine whether any of these steps depend on the activity of ATP7A and/or ATP7B, we individually decreased ATP7A and ATP7B levels in SH-SY5Y cells using siRNA (Fig. 5a ). The maximum down-regulation using nucleofection was ϳ50% for either ATP7A or ATP7B ( Fig. 5b ). Downregulation of ATP7A did not cause a compensatory up-regulation of ATP7B (a slight decrease in protein intensity was observed), and reciprocally, down-regulation of ATP7B did not significantly alter the ATP7A levels ( Fig. 5b ). This lack of significant changes in the abundance of one Cu-ATPase in response to down-regulation of the other is consistent with a previously reported lack of such compensatory changes in a brain (28) .
The DBH protein levels showed a trend toward being higher upon down-regulation of either ATP7A or ATP7B (1.21 Ϯ 0.14, n ϭ 3, p ϭ 0.2; and 1.50 Ϯ 0.19, n ϭ 3, p ϭ 0.054, respectively), but the increase was not statistically significant. The most notable effect was on the abundance of extracellular DBH under resting conditions (constitutive secretion), which was significantly and oppositely affected by the ATP7A and ATP7B knockdowns (Fig. 5d ). The down-regulation of ATP7A decreased the amount of DBH in the growth medium by 20% (0.81 Ϯ 0.06, p ϭ 0.0265) compared with cells treated with a nontargeting siRNA, whereas ATP7B knockdown increased the extracellular levels of DBH by 53% (1.53 Ϯ 0.13, p ϭ 0.004) ( Fig. 5c ). To better characterize the relationship between the two Cu transporters and DBH export, we correlated the remaining cellular levels of ATP7A or ATP7B after siRNA treatment with the amount of extracellular DBH (Fig. 5d ). The levels of ATP7A in cells positively correlated with the amount of exported DBH (Fig. 5d, upper panel) , i.e. ATP7A facilitates the export of DBH. In contrast, the protein levels of ATP7B showed negative correlation with the secreted DBH ( Fig. 5d , lower panel), i.e. ATP7B was inhibitory to DBH secretion.
The activity of DBH in the extracellular medium remained proportional to DBH protein, independently of which Cu transporter was inhibited ( Fig. 5e ). Specifically, ATP7A down-regulation decreased the total DBH activity in the medium by 23% (0.28 Ϯ 0.01 versus 0.36 Ϯ 0.04, p ϭ 0.116), whereas ATP7B knockdown increased the DBH activity in the medium by ϳ60% (0.58 Ϯ 0.02 versus 0.36 Ϯ 0.04, p ϭ 0.002). Normalizing DBH activity to DBH protein confirmed that the specific activity of extracellular DBH was largely unaffected by either ATP7A or ATP7B knockdowns (93 Ϯ 4% of control for ATP7A knockdown and 105 Ϯ 3% of control for ATP7B knockdown) ( Fig. 5f ). This result suggests that DBH is exported from cells in an active Cu-bound form and that DBH activation and export could be coupled. The significant increase in total DBH activity, with no change in DBH activity/protein ( Fig. 5g ), strongly suggests that ATP7B negatively regulates the abundance of extracellular DBH (rather than its enzymatic activity), which is a novel function for this transporter.
ATP7A and ATP7B do not co-localize with DBH in the post-Golgi compartments
The role of either ATP7A or ATP7B in regulating protein secretion has not been reported previously. To better understand how ATP7A and ATP7B can influence the export of soluble DBH, we first determined whether under basal conditions ATP7A and/or ATP7B were targeted to DBH-containing vesicles or secretory granules. For the purpose of this study, we defined secretory granules as DBH-positive compartments with an average diameter of 0.45-1.12 m and intense DBH staining. The smaller, more heterogeneous compartments with a less intense DBH staining were defined as vesicles. Our co-immunostaining experiments illustrate that ATP7A does not colocalize with DBH in either vesicles or granules ( Fig. 6a , left panels). This result was not surprising because ATP7A is targeted primarily to the TGN (as expected). ATP7B and DBH both show vesicular localization; however, these vesicles are distinct, i.e. ATP7B is not targeted to DBH-positive vesicles/ granules ( Fig. 6a, right panels) . The lack of co-localization between DBH and ATP7B was also observed in primary neu- . c, specificity of anti-ATP7B antibody is confirmed by the lack of staining in sections from Atp7b Ϫ/Ϫ mice, the LC in these sections is identified by DBH expression, as elsewhere. d, high-magnification image of DBH-expressing neurons shows distinct intracellular localization of ATP7A (red) and ATP7B (green). Left, ATP7A is clustered asymmetrically in the vicinity of the nuclei, identified by DAPI staining (blue). Middle, ATP7B is vesicular and distributed throughout the cytosol. Right, co-localization of ATP7A and ATP7B shows no overlap between the patterns. Staining with ␣-tubulin is used as a loading control. b, top, constitutive secretion of DBH is time-dependent and is higher in differentiated cells. Bottom left, extracellular DBH is active. The specificity of the assay was confirmed using the DBH inhibitor nepicastat (Nepi), which inhibited 75% of the signal (0.48 Ϯ 0.03, n ϭ 9, versus 0.12 Ϯ 0.01, n ϭ 3; p Ͻ 0.001). Bottom right, the amount of DBH protein and DBH activity in the extracellular medium increases over time. c, in differentiated SH-SY5Y cells, ATP7A (green) is targeted mostly to the TGN (red). Co-localization of ATP7A and TGN (yellow) also shows a smaller fraction of ATP7A in vesicles. d, in basal conditions, ATP7B (green) is targeted mostly to vesicles with a smaller fraction overlapping with the TGN (red). e, co-localization of ATP7A (red) and ATP7B (green) shows a partial overlap in the TGN (yellow) and no overlap in vesicles. ATP7A is localized to small vesicles that are distinct from ATP7B-positive large vesicles. f, left, primary cortical neurons visualized by immunostaining for neurospecific ␤3-tubulin (green) express DBH (red). Middle and right, ATP7A (red) and ATP7B (green) are present in cortical primary neurons and show distinct localization pattern. ATP7A staining is perinuclear and asymmetric, whereas ATP7B is distributed more uniformly in vesicles. In panels c-e, the regions in boxes are enlarged at the adjacent panel.
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ATP7A and ATP7B oppositely regulate export of neuronal DBH rons (Fig. 6b ). Taken together, these data demonstrate that neither ATP7A nor ATP7B is present at detectable levels in the DBH-positive post-Golgi compartments. Therefore, they regulate vesicular DBH indirectly, most likely by influencing Cu levels in cells. The loading of the DBH catalytic site with Cu, which likely takes place when DBH traffics through the TGN on its way to vesicles/granules, may contribute to the regulation of DBH cellular distribution.
ATP7B-dependent decrease of Cu in the cytosol inhibits DBH export
At this point, our data could be rationalized by the following model. In noradrenergic neurons, ATP7A is targeted to the TGN and transfers Cu to DBH when a newly synthesized DBH traffics through the TGN to its final destinations. ATP7B functions in vesicles to sequester excess Cu away from ATP7A and inhibits excessive DBH secretion. To test the predicted role of ATP7B in limiting Cu access to ATP7A, we overexpressed ATP7B in SH-SY5Y cells and primary cortical neurons using adenovirus-mediated infection (Fig. 7a ). Changes in cytosolic Cu were evaluated by measuring the mRNA levels for the copper chaperone CCS, which are responsive to cytosolic Cu levels and are higher when Cu is low, at least in some tissues (29, 30) .
Upon ATP7B overexpression, the abundance of CCS mRNA increased 2-fold, consistent with a decrease in cytosolic Cu (Fig.  7b ). The levels of ATP7A were unchanged ( Fig. 7c ). Under these conditions, the amounts of intracellular DBH increased ( Fig.  7d ) and extracellular DBH decreased significantly (Fig. 7e) . Thus, the excess ATP7B limits Cu levels in the cytosol, and this deficiency inhibits DBH export. To verify that the inhibition of constitutive DBH secretion was related to ATP7B activity and not merely protein overexpression, we measured the levels of extracellular DBH following expression of a catalytically inactive mutant of ATP7B, ATP7B-D1027A (Fig. 7f ). This inactive mutant was expressed at higher levels than the WT ATP7B but produced no change in DBH secretion (Fig. 7f ). We confirmed these findings in the primary cortical neurons (Fig. 7g ). Overexpression of ATP7B in these neurons showed an increase in intracellular DBH (Fig. 7g ), whereas extracellular DBH was markedly decreased (Fig. 7h ). Inhibition of DBH export was not observed when neurons expressed an inactive ATP7B-D1027A mutant. These results confirm that the activity of ATP7B is responsible for the regulation of DBH export.
Cu is required for constitutive export of DBH
The down-regulation of ATP7A is expected to increase Cu levels in the cytosol (at least temporarily), whereas overexpression of ATP7B decreases cytosolic Cu; yet both manipulations inhibit DBH export. It is possible that either high or low cytosolic Cu inhibits DBH export. More likely, the inhibition of DBH secretion is a result of insufficient Cu availability in the lumen of the TGN (which would occur upon either ATP7A down-regulation or ATP7B overexpression). To test more directly whether low and/or high Cu influence constitutive secretion of DBH, we treated the SH-SY5Y cells for 5 and 16 h with either excess Cu or a combination of an extracellular Cu chelator, bathocuproine disulfonate (BCS), and an intracellular Cu chelator, tetrathiomolybdate (TTM), to decrease Cu levels (Fig. 8, a and b) .
Excess Cu within a physiological range of concentrations did not significantly alter the levels of extracellular DBH (Fig. 8b) . In contrast, Cu limitation significantly inhibited DBH export, and the effect was stronger with a longer chelation time. Depleting Cu for 16 h increased DBH in cells by ϳ5-fold compared with nontreated cells (Fig. 8a) . Concomitantly, DBH concentration in the medium was decreased by 43% ( Fig. 8b) . Thus, we concluded that Cu is required for constitutive export of DBH.
Cu depletion does not inhibit DBH proteolytic processing but modifies the pattern of DBH-positive compartments
DBH retention in cells upon Cu depletion could be caused by the inhibition of proteolytic processing within the secretory pathway. However, analysis of the proteolytic pattern of DBH under low and high Cu (as well as following the knockdowns of the Cu transporters) revealed that neither condition blocked the proteolytic conversion of membrane-bound DBH (Fig. 8a) . With a prolonged Cu chelation, the shorter variant of DBH was not only produced but was more abundant. Consequently, to better understand how Cu deficiency affects DBH export, we examined the targeting of DBH to intracellular compartments in more detail.
Under basal conditions, the sizes of DBH-containing compartments vary significantly (Fig. 8c, left panels) , but the intensity of DBH staining is stronger in larger compartments with a median area close to 0.025 mm 2 , which is consistent with the size of secretory granules (31) . Cu limitation does not cause retention of DBH in the TGN (the fraction of DBH in the TGN increases only marginally (by 8.5%)). Instead, we observed a significant change in the sizes of DBH-positive compartments: the average diameter of these compartments was 37% smaller in the Cu-depleted cells compared with nontreated cells (Fig. 8c , right panels, and Fig. 8d ). Thus, Cu limitation affects the post-Golgi DBH-positive compartments. The observed morphologic changes are consistent with inhibition of vesicle maturation and/or fusion.
Discussion
The roles of mammalian ATP7A and ATP7B in Cu delivery to Cu-dependent enzymes within the secretory pathway and maintenance of Cu homeostasis in tissues are well-established. In this study, we have described a new and previously unappreciated role for ATP7A and ATP7B in the regulation of extracellular levels of active DBH. This finding adds to a growing list of the Cu-dependent regulatory processes in the brain. Changes in Cu levels have been shown to influence the activity and trafficking of Cu transporters (32) (33) (34) , modulate a kinase-mediated phosphorylation (35) (36) (37) , regulate mRNA abundance (38) , and modulate neuronal activity (3, 4, 6, 39) . Our current data suggest that changes in Cu availability may also alter the intracellular sorting and/or secretion of soluble DBH in the absence of neuronal stimuli. The extracellular DBH is enzymatically active; therefore, changes in the abundance of DBH in the extracellular milieu may upset the existing balance of DA and/or NE. Future studies in animal models are needed to directly test this hypothesis, which is intriguing because it may explain the ATP7A and ATP7B oppositely regulate export of neuronal DBH Figure 5 . Cu-ATPases play opposite roles in DBH secretion and activity. a, Western blotting illustrating protein levels following siRNA-mediated downregulation of ATP7A (si7A) or ATP7B (si7B). A nontargeting siRNA (siNT) was used as a control. b, densitometry data. Top, ATP7A was decreased on average by 45% (0.55 Ϯ 0.05, n ϭ 10; p Ͻ 0.001) following transfection with si7A, whereas si7B had little effect on ATP7A abundance. Bottom, ATP7B abundance was decreased on average by 49% (0.51 Ϯ 0.09, n ϭ 8; p Ͻ 0.001) upon transfection with si7B; transfection with si7A caused only a slight decrease (0.84 Ϯ 0.06, n ϭ 5-8; p ϭ 0.038; data normalized to the siNT controls) c, DBH abundance in the medium is decreased upon ATP7A down-regulation and increased upon ATP7B down-regulation. The medium was collected 48 h post-nucleofection. d, the levels of ATP7A protein in cells correlate positively with the amount of extracellular DBH, whereas ATP7B levels correlate negatively with extracellular DBH. e, an equal amount of the growth medium from the same number of cells was used to measure DBH activity (RU (relative units) is absorbance at 330 nm). The down-regulation of ATP7A decreases the activity of DBH compared with control (0.28 Ϯ 0.01 and 0.36 Ϯ 0.04, respectively, n ϭ 4 -6; p ϭ 0.12). The ATP7B knockdown results in a higher DBH activity in the cell medium compared with control (0.58 Ϯ 0.02 and 0.36 Ϯ 0.04, respectively, n ϭ 4 -6; p Ͻ 0.001). f, specific activity of extracellular DBH (DBH activity/DBH protein) is unchanged upon down-regulation of ATP7A (0.93 Ϯ 0.04, n ϭ 4; p ϭ 0.049) or ATP7B (1.05 Ϯ 0.03, n ϭ 4; p ϭ 0.08) when compared with control taken as 1. g, total DBH activity in the cell medium increases upon ATP7B down-regulation (n ϭ 6; p Ͻ 0.001), whereas specific activity of DBH is unchanged (n ϭ 4; p ϭ 0.17), consistent with an increased abundance of active DBH protein.
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reported impact of ATP7B inactivation on the dopaminergic system in Wilson disease patients and animals.
Our results allow for several other predictions. In Parkinson's disease, low Cu is reported in DBH-expressing neurons (40, 41) . Our data suggest that Cu depletion would be inhibitory to both NE production and DA clearance. These defects cannot be alleviated by treatment with L-dihydroxyphenylalanine (L-DOPA) even if DBH expression is not compromised, because Cu is required for the enzymatic activity of DBH. Similarly, in neurologic Wilson disease, excessive Cu chelation may cause local Cu deficiency in such Cu-requiring neurons as the neurons of LC and shift the catecholamine levels and/or ratio. Catecholamine misbalance may explain the worsening neurologic symptoms and psychotic episodes commonly observed in Wilson disease patients on Cu chelation therapy (42) .
Thus far, the functional significance of ATP7A and ATP7B co-expression in the brain has not been very clear. Our studies provide direct evidence that two Cu transporters, ATP7A and ATP7B, have distinct and nonoverlapping functions in DBH-expressing neurons. The literature (12) , as well as our finding that ATP7A does not co-localize with DBH in secretory granules in vitro and in vivo, strongly suggests that ATP7A transfers Cu to DBH when it transitions through the TGN. ATP7B localization in distinct vesicles and the effects of overexpression point to the role of ATP7B in sequestering Cu for storage in vesicles. The distinct localization of Cu transporters and the apparent competition for Cu enable opposite regulation of DBH. The observed changes in DBH abundance are consistent with the regulation of DBH export, although at present we cannot formally rule out the potential effects of ATP7A/7B down-regulation on DBH protein stability and/or slight changes in total protein expression.
We found that a mild increase of Cu supply to neuronal cells does not affect DBH secretion, whereas down-regulation of ATP7B, which increases the amount of Cu available to ATP7A, stimulates secretion. These results may appear contradictory, but they could be explained by sequestration of excess Cu (added extracellularly) by ATP7B, a process that is lost when ATP7B is down-regulated.
ATP7A and ATP7B are structurally similar. It is thought that both Cu transporters receive their Cu from the cytosolic copper chaperone Atox1 through direct protein-protein interactions. Previous studies using solution NMR have uncovered differences between ATP7A and ATP7B in their interactions with the Cu-Atox1 complex (43, 44) . However, it remains unclear whether these structural differences translate into a measurable preference of Cu-Atox1 toward ATP7A or ATP7B. Atox1 is highly expressed in LC (23) , and these high levels may be sufficient to accommodate the function of both transporters, although this possibility needs to be tested directly. It is also possible that the distribution of Cu between ATP7A and ATP7B is governed by the relative abundance of each transporter in cells. In either scenario, changes in the abundance of one of the Cu transporters would make more Cu available to the other. This may alter their transport activity and localization, further altering Cu distribution in cells, and disregulate Cu-dependent enzymes. In other words, to better understand 
the neurologic Wilson disease (which is mechanistically less clear than the Menkes disease phenotype), future studies in animals should take into account a spectrum of consequences of ATP7B inactivation.
The requirement for Cu homeostasis in DBH activity and secretion implies that the brain regions innervated by DBHexpressing neurons can be sensitive to Cu misbalance, and the consequences of Cu misbalance may differ depending on Cu the endogenous ATP7B in nontransfected controls was barely detectable at the same exposure time. b, ATP7B overexpression is associated with an increase in the CCS mRNA abundance (2.0 Ϯ 0.085-fold, n ϭ 3; p Ͻ 0.001) suggestive of the decrease in the cytosolic Cu. DBH mRNA was unchanged (1.3 Ϯ 0.13-fold; p ϭ 0.42). c, ATP7B overexpression does not affect ATP7A abundance. d and e, upon ATP7B overexpression, both soluble and membrane-bound DBH accumulate in cells (d), whereas DBH in the medium is markedly decreased (e). f, top, a catalytically inactive of ATP7B variant (D1027A) is highly expressed compared with WT ATP7B. Bottom, despite higher expression, the D1027A mutant does not decrease the levels of extracellular DBH. g, overexpression of ATP7B in primary cortical neurons (top) is associated with an increased retention of DBH in cells (actin and tubulin are loading controls). h, top, overexpression of WT ATP7B in cortical neurons decreases DBH secretion compared with control. The levels of DBH exported from cells expressing a catalytically inactive D1027A mutant are much higher than from cells expressing the WT ATP7B.
levels. Previous studies revealed a complex pattern of changes in Cu levels in the brains of ATP7B-deficient Long-Evans Cinnamon (LEC) rats. These rats show a Cu deficiency in the brain early in the disease (at 4 and 10 weeks) and a low NE/DA ratio (46) . As Cu levels in the brain increase, the levels of both catecholamines normalize (in 20-week-old rats). Such time-dependent changes in the Cu and catecholamine levels in response to ATP7B inactivation could be relevant to the variability in the time of onset and magnitude of neuropsychiatric symptoms in Wilson disease patients (47-49).
In conclusion, we have provided new evidence for the functional significance of Cu in brain physiology, shed light on the mechanisms that integrate Cu and catecholamine metabolism, and identified the Cu transport machinery that regulate the export of soluble DBH from noradrenergic neurons. These findings open new avenues for studies on the role of Cu misbalance in neuropsychiatric disorders.
Materials and methods
Immunohistochemistry of brain slices
Mice were housed at the Johns Hopkins University (JHU) animal care facility with food and water provided ad libitum. The described studies were approved by the JHU Animal Care 
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and Use Committee. For tissue sectioning, mice were perfused with 30 ml of PBS followed by 30 ml of 4% paraformaldehyde (PFA), which was kept at 4°C. The brains were incubated overnight in 4% PFA at 4°C and then transferred to 30% sucrose in PBS and incubated for 48 -72 h at 4°C until the brains sank to the bottom of the tube. The brains were cut coronally to remove the frontal third, and the rest was embedded in optimum tissue cutting compound (OCT) (with the cutting site to the bottom of a cubical cryomold). Blocks were frozen at Ϫ80°C for at least 24 h. Starting from the cerebellum, the brains were first trimmed using 100-m slices to approach the brainstem. The sections containing LC were then obtained by cutting six 30-m-thick slices. The slices were placed into a 24-well plate, washed three times with PBS (each wash for 5 min), and permeabilized for 24 h with 0.5% Triton-X in PBS (PBST). The slices were washed with PBST (three times for 5 min each), and a primary antibody was added for 18 h at a 1:500 dilution in PBST. The slices were then washed with PBST (three washes for 10 min each), and a secondary antibody was diluted at 1:1000 in PBST with DAPI (1 g/ml) were added for 16 h. The 24-well plate was wrapped in aluminum foil and incubated at 4°C overnight. Subsequently, the slices were washed with PBST (three times for 5 min each) and then washed in PBS for 5 min. The slices were transferred with a pencil brush into a water container and then mounted on positively charged glass slides. Sections were cover-slipped with the mounting medium (Fluoromount without DAPI) and imaged using confocal microscopy.
X-ray fluorescence microscopy (XFM)
For metal imaging, the brains sections were prepared as described above, and then every other section was stained with anti-DBH antibodies (for identification of LC). The adjacent sections were placed on Ultralene film, glued to the aluminum sample holders, and then fastened to a plexiglass mount inside the hutch for metal analysis by XFM. The XFM data were collected on a beamline 8-BM at the Advanced Photon Source, Argonne National Laboratory (Argonne, IL). The incident X-ray energy was tuned to 10 keV using a Si-monochromator, and the monochromatic beam was focused to 35 ϫ 35 m using a Kirkpatrick-Baez mirror (Advanced Photon Source). The samples were placed at 45°to the incident X-ray beam, and the resulting X-ray fluorescence was collected at 90°using an energy-dispersive four-element detector (Vortex ME-4, SII Nanotechnology, Northridge, CA). Raster scanning of the entire section was done in a fly-scan mode with 35 ϫ 35-m steps (500 ms/point).
The two-dimensional maps for each element were generated following the background subtraction and fitting each element's fluorescence photon counts using MAPS software (50) . The fluorescence counts were translated into g/cm 2 using calibrated X-ray standards (AXO, Dresden, Germany). Metal concentrations in the regions of interest were converted into volume concentrations using 30-m tissue thickness with the assumption that the X-ray beam fully penetrated the sample. For Cu, the volume concentrations were further divided by the molecular weight of Cu (63.55 mg/mmol) to obtain mM concentrations.
SH-SY5Y cell culture
All experiments with SH-SY5Y cells, except those shown in Fig. 4 , a and b, were done with fully differentiated cells. Experiments with the siRNA-mediated down-regulation of ATP7A and ATP7B were done in cells differentiated in the presence of retinoic acid (see below). The standard differentiation protocol was as follows. The SH-SY5Y cells were cultured in complete medium (MEM/F12 mixture, 1:1), supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were plated at ϳ20% confluence and differentiated over a period of 7 days. Culture was treated twice with 10 M retinoic acid in complete medium for 2 days each time followed by 50 nM brainderived neurotrophic factor for 3 days in serum-free MEM/F12 medium (26) .
For various treatments, fresh serum-free medium was added to differentiated SH-SY5Y cells cultured in 6-cm dishes, and cells were incubated for 5 h with one of the following reagents: 10 M BCS, 10 M TTM, or 10 M CuCl 2 . Cells grown in a medium without additions were used as a control. Following incubations, the cells were homogenized in RIPA buffer (Millipore 20-188) and centrifuged for 10 min at 3000 ϫ g. Prior to homogenization, the medium was collected, concentrated on a 30-kDa cutoff concentrator (Vivaspin 6, GE Healthcare) by centrifugation for 15 min at 4000 ϫ g, and used for SDS-PAGE and a DBH activity assay. The protein concentration in the cell pellets and the medium was determined by BCA assay.
Western blotting
Proteins (30 -50 g) in 2ϫ loading buffer (1 M Tris-HCl, pH 6.8, 10% SDS, glycerol, 1% ␤-mercaptoethanol, and 1% bromphenol blue) were separated by 8% Laemmli SDS-PAGE. Following separation, proteins were transferred to polyvinylidene difluoride membrane using the CAPS buffer with 10% methanol. Membranes were blocked for 1 h at room temperature in 3% BSA/PBS, washed with PBS, and incubated overnight with the primary antibody dissolved in 2% BSA/PBS. Primary antibodies were anti-ATP7A (Santa Cruz Biotechnology sc-376467), anti-ATP7B (Abcam ab124973), and anti-DBH (Cell Signaling Technology 8586). Membranes were washed with PBST and PBS and blotted with the secondary antibodies conjugated to Alexa Fluor series 488 or 555 for 2 h in 2% BSA/PBS. Following another washing with PBST and PBS, membranes were exposed to ECL 10:1 pico:femto mix (Thermo Fisher Scientific 34095) and imaged using chemiluminescence.
Immunostaining of SH-SY5Y cells
SH-SY5Y cells were grown on collagen-coated coverslips in 12-well plates. For collagen coating, sterilized coverslips were incubated with sterile collagen dissolved in 1% acetic acid in H 2 O. Ammonium hydroxide was added onto the lid of 12-well plates to allow for reaction with collagen and precipitation on the surface of coverslips. After 20 min, ammonium hydroxide and the collagen solution were aspirated, and wells were washed twice with 2 ml of sterile PBS. Plates were dried for at least 1 h in a sterile hood. SH-SY5Y cells were plated at ϳ20% confluence and differentiated as described above. Following differentiation, cells were washed with PBS and fixed with 4% ATP7A and ATP7B oppositely regulate export of neuronal DBH PFA/PBS for 15 min at room temperature. Cells were then washed twice with PBS and permeabilized with 0.2% Triton X-100 in PBS.
For immunostaining, the fixed and permeabilized cells were washed twice with PBS and blocked with 1% gelatin, 1% BSA in PBS. The primary antibodies, ATP7A (Santa Cruz Biotechnology sc-376467), ATP7B (in-house N-WND), and DBH (Dr. Eipper, University of Connecticut) were diluted at 1:250 in 1% gelatin, 1% BSA in PBS. Coverslips with attached cells were placed on Parafilm, 75 l of the primary antibody solution was added per coverslip, and cells were incubated for 2 h. The coverslips were placed back into the 12-well plate and washed twice in PBST and once with PBS. Coverslips were placed on a new Parafilm and incubated for 1 h with the secondary antibody conjugated with Alexa Fluor series 488 or 555. The secondary antibodies were used at a 1:500 dilution and complemented with 1:1000 DAPI. Coverslips were dipped in H 2 0 for 10 s and mounted with Fluoromount (Thermo Fisher Scientific 00-4958-02) on glass slides. Slides were imaged using a Zeiss 500 confocal microscope with Zen software and a 63ϫ or 100ϫ lens. An LSM image browser was used to import images and obtain image information.
Enzymatic activity of DBH
DBH activity was measured as described previously (51) . In this assay, the surrogate substrate of DBH, tyramine, is converted by DBH to octopamine, an intermediate product. The mixture is applied to a protonated Dowex ion-exchange resin packed into mini-columns. The eluted octopamine is then oxidized by sodium periodate to para-hydroxybenzaldehyde, which is quantified spectrophotometrically by absorbance at 330 nm. The ion-exchange Dowex slurry (50:50 slurry, Dowex: water) was protonated as following. The slurry was mixed with 1 M NaOH in a glass beaker and poured onto the filter paper. The Dowex resin was first washed with 1 M NaOH and then withdeionizedwateruntilneutralpHeluatewasmeasured(standard pH paper). Dowex resin was then washed with 1 M HCl and then with water until the eluate was at neutral pH. Dowex resin (0.4 ml) was packed into a Bio-Rad Micro-Spin TM column and washed twice with 2 ml of H 2 O.
A typical reaction mix (for 24 samples) contained 6 ml of sodium acetate, pH 5, 1.5 ml of 0.2 M fumarate, 1.5 ml of 0.2 M ascorbate, 1.5 ml of 0.02 mM pargyline, 4.5 ml of 0.2 M N-ethylmaleimide, 3 ml of catalase, and 6 ml of H 2 O. Once prepared, 0.8 ml of the above mix was pipetted into plastic centrifuge tubes, and 50 l of cell medium (concentrated as described above) was added. To initiate the reaction, 100 l of tyramine was added and mixed by vortexing. Samples were incubated for 0.5 h at 37°C, and the reaction was stopped by adding 0.2 ml of 20% perchloric acid and vortexing. Tyramine was added to buffer blanks following this step. Samples were centrifuged for 20 min at 5000 rpm or 12,000 ϫ g for 5-10 min to pellet the protein precipitate. Supernatant was placed on Microspin Dowex columns, and the octopamine product was eluted into glass test tubes with 4 N NH 4 OH (1 ml twice). To the eluate, 0.2 ml of 2% NaIO 4 mix was added, and after 6 min, 0.2 ml of 10% Na 2 S 2 0 5 was added to stop the reaction. Absorbance at 330 nm was measured at room temperature.
Down-regulation of ATP7A and ATP7B in SH-SY5Y cells using siRNA
SH-SY5Y cells were transfected with siRNA for ATP7A or ATP7B (SMARTpool, Dharmacon), and nontargeting siRNA was used as a control. The Amaxa nucleofection system and Nucleofector Kit V were used, with cells prepared as described previously (52) . Specifically, 2 ϫ 10 5 /cm 2 cells were plated/ sample, and cell pellet was resuspended in 100 l of Nucleofector solution/sample. 300 nM siRNA was added, and samples were loaded into a cuvette, which was then placed into the Amaxa system. Nucleofection was done using a "high viability" setting (A023).
The transfected cells were incubated for 48 h before medium was collected, and cells were pelleted with RIPA buffer. Total protein concentration was determined with BCA analysis. Western blot analysis showed that the nucleofection protocol yielded ϳ50% down-regulation of either of the Cu-ATPases, which was higher and more reproducible than transfection with Lipofectamine. Additionally, the cell medium was harvested, and protein concentration was determined for Western blot analysis of DBH.
Primary neurons
Cortical neurons were isolated from E17.5 mice as described previously (53) . Neurons were plated in Neurobasal-A medium supplemented with B-27, glutamine, and penicillin/streptomycin. The primary cell culture was transfected with GFP for the identification of neurons and subsequently immunostained with antibodies against ATP7A (Santa Cruz Biotechnology sc-376467), ATP7B (Abcam ab124973/in-house N-WND), and DBH (a generous gift from Dr. Eipper) followed by conjugating the secondary antibodies to Alexa Fluor series 488 or 555. From a separate batch, primary cortical neurons were plated in a 10-cm dish for Western blot analysis of DBH protein. Growth medium from plated primary neurons was collected and passed through a 30-kDa cutoff column for concentration of DBH and subsequent measurements of DBH activity.
Adenoviral transfection of ATP7B into SH-SY5Y cells/cortical primary neurons
Adenoviral construct pS3106 with the coding region for the full-length WT ATP7B, and the ATP7B D1027A mutant were prepared as described previously (45) . The viruses with ATP7B (3.2 ϫ 10 12 viral particles/ml) or D1027A (2 ϫ 10 8 viral particles/ml) were used to transfect SH-SY5Y cells or primary cortical neurons (prepared as described above) in 10-cm dish at a 1:1000 dilution. Cells were incubated with either virus for 2 h at 37°C and then washed. Neurons were subsequently incubated for 18 h to allow for new protein synthesis. Cells were harvested using RIPA buffer (Millipore 20-188), and protein concentration was determined by BCA assay. Western blotting was performed for ATP7B and DBH using 30 g of cell lysate protein.
Additionally, the culture medium was collected and run through a 30-kDa cutoff column, protein concentration was determined, and 30 g of concentrate was analyzed by SDS-PAGE and Western blotting gel to detect secreted DBH.
ATP7A and ATP7B oppositely regulate export of neuronal DBH Statistical analysis
Statistical analysis was performed using GraphPad Prism software. An unpaired t test was applied, and significance was determined based on the p value (differences with a p value Ͻ0.05 were considered significant).
